The Int-6 protein has been originally identified as the product of a mouse gene being a frequent integration site of the mouse mammary tumour virus. Here, we show that reducing Int-6 expression by RNA interference in HeLa cells markedly alters mitosis progression. Defects in spindle formation, chromosome segregation and cytokinesis were observed. These abnormalities of mitosis completion are correlated with an inhibition of cyclin BCdk1 kinase activity, due to a prolonged inhibitory phosphorylated state of Cdk1. In line with this observation, the Wee1 tyrosine kinase that negatively controls Cdk1 was less efficiently inactivated during G2 in Int-6-depleted cells. These findings support the notion that the oncogenic properties associated with alteration of Int-6 originate from chromosomal instability.
Introduction
Studies of integration sites of mouse mammary tumour virus (MMTV) in preneoplastic and neoplastic mammary lesions of the CZECH II feral strain led to the characterization of the mouse int-6 gene (Marchetti et al., 1995) . Integration events occurred approximately in the middle of the gene, possibly causing haploinsufficiency or production of shortened oncogenic proteins. The human Int-6 protein (or Int6 in certain publications) has been characterized independently as interacting with the Tax transactivator of HTLV-1 (Desbois et al., 1996) and as a subunit of the eukaryotic translation initiation factor 3 (eIF3) (Asano et al., 1997) . Int-6 contains a Proteasome-COP9 signalosome (CSN)-Initiation of translation (PCI) domain (Hofmann and Bucher, 1998) . The PCI domain exists in several subunits of the lid of the 19S proteasome regulatory particle, of CSN and of eIF3. Int-6 also includes a nuclear export sequence (NES) at its Nterminus and an internal bipartite nuclear localization sequence (NLS) (Guo and Sen, 2000) . In agreement with the presence of these two motifs, Int-6 is localized in both the cytoplasm and the nucleus of mammalian cells (Morris- Desbois et al., 1999; Watkins and Norbury, 2004) . In the latter compartment, it is partly colocalized with promyelocytic leukaemia (PML) nuclear bodies and mutation of the NES causes the protein to be exclusively present in these structures (Alves, 2004) . In previous studies, we have shown that human Int-6 interacts with the Rfp protein also found in PML nuclear bodies, and with other subunits of eIF3, CSN and 26S proteasome (Morris- Desbois et al., 1999; Hoareau Alves et al., 2002) . In human fibroblasts, Int-6 subcellular localization appears to vary depending on cell cycle phase or transformation status (Watkins and Norbury, 2004) . It also depends on the type of tissue. In Arabidopsis thaliana, it has indeed been shown that Int-6 was nuclear and associated with CSN in root cells, but cytoplasmic and in complex with eIF3 in leaf cells (Yahalom et al., 2001) .
So far the function of Int-6 has been mainly studied by gene disruption of its fission yeast orthologue. This event weakly modifies general translation, but induces sensitivity to various drugs such as caffeine (Bandyopadhyay et al., 2000; Akiyoshi et al., 2001) . Conversely, overexpression of Schizosaccharomyces pombe Int-6 causes resistance to caffeine, similar to what has been observed for the Poh1 (Rpn11) subunit of the proteasome (Spataro et al., 1997; Crane et al., 2000) . It has also been shown that depletion of Int-6 in S. pombe affects spore formation and causes weak chromosome segregation defects (Bandyopadhyay et al., 2000; Yen and Chang, 2000) . More recently, Yen et al. have shown that combination of Int-6 depletion with proteasome subunit mutants leads to a blockade of fission yeast division at the metaphase to anaphase transition. This results from a defect of cyclin B1 and securin degradation, which correlates with impairment of Rpn5 transport into the nucleus ending in proteasome malfunction (Yen et al., 2003) .
Mitosis is a complex process relying on an orderly sequence of protein modifications and destructions. Several kinases play crucial roles, in particular the cyclin-dependent kinase 1 (Cdk1), which modifies many key substrates (Pines, 1995; Nigg, 2001 ). Cdk1 interacts with cyclin B1 and the complex is regulated through phosphorylation events. Until late G2, Cdk1 is inactivated due to its phosphorylation on Thr14 and Tyr15 by the Myt1 and Wee1 kinases (Morgan, 1995; Pines, 1999) . At the G2/M transition, Wee1 is modified and then degraded (Watanabe et al., 2004) , and Cdk1 is activated consequent to its dephosphorylation by the Cdc25 phosphatases (Donzelli and Draetta, 2003) . Degradation of cyclin B1 by the anaphase-promoting complex (APC) at the metaphase-anaphase transition arrests Cdk1 activity (Morgan, 1999) .
In this report, we present results of studies aiming at defining the function of Int-6 in human cells using the RNA interference approach. We show that Int-6 silencing leads to severe defects in spindle formation, chromosome segregation and cytokinesis. These abnormalities correlate with a reduction in the kinase activity of the cyclin B-Cdk1 complex that is likely to result from a less efficient inactivation of Wee1. Analysis of expression and modification of this latter kinase during the G2 and M phases indeed shows a delay of its inhibitory phosphorylation in Int-6-silenced cells.
Results

Int-6 silencing delays mitosis progression
The Int-6 protein includes a PCI domain and both NES and NLS motifs (Figure 1a ) (Guo and Sen, 2000) . HeLa cells were transfected with three different couples of small interfering RNA (siRNA) targeting the int-6 mRNA ( Figure 1b) (Elbashir et al., 2001) . Two of them (I6.1 and I6.3) reduced clearly Int-6 protein levels 72 h after transfection as evaluated by immunoblot (Figure 1c ), whereas the third was inactive (data not shown). Treatment of cells with the annealing buffer alone or with control siRNAs specific of an unrelated protein did not modify the amount of Int-6 (Figure 1c) . Precise quantitations by immunoblot using fluorescently labelled secondary antibodies showed that the I6.1 couple decreased Int-6 amounts by B77% at 72 h. Evaluation of siRNA transfection efficiency was carried out by examining staining of the silenced protein in individual cells. This was performed for either lamin or Int-6 and in both cases it was observed that B85-90% of the cells were transfected, in good agreement with what has been previously reported (Elbashir et al., 2001) . This meant that a transfected cell retained Int-6 protein to B9% of the normal level.
Cell cycle profiles of asynchronously growing cells transfected with siRNAs for 72 h were analysed. Whereas transfection of control siRNAs did not have any effect as compared with mock-transfected cells (data not shown), Int-6 depletion caused a decrease in the cell fraction with a 2N DNA content and a concomitant increase in that with a 4N content (Figure 1d) . A similar effect was observed in human fibroblasts expressing the hTERT cDNA from a retroviral vector (Supplementary Figure S1 ), indicating that this modification of cell cycle distribution is not specific to HeLa cells. To discriminate between an increase in the duration of G2 versus M phases, level of Ser10-phosphorylated histone H3, a modification occurring mainly during mitosis (Wei et al., 1998) , was measured by immunoblot. A marked increase was found in cells transfected with int-6 siRNAs, indicating that a higher fraction of them are in mitosis (Figure 1e ). To examine more precisely G1/S progression, cells were transfected with siRNAs for 48 h, time at which cell cycle distribution was not yet modified (data not shown), and treated with nocodazole for 10 h to prevent re-entry into G1. DNA content was analysed as above and no difference was observed between control and Int-6-silenced cells (Figure 2a ). It was verified by immunoblot that the nocodazole treatment did not interfere with Int-6 depletion (data not shown). For the G2/M transition, cells were arrested in G1/S and their progression through mitosis was analysed by determining DNA content at various times after release. Cells treated with control or int-6 siRNAs showed similar histograms at 3 and 6 h after release (Figure 2b ). At 9 h, cells were mainly in mitosis and in the following G1 phase. By this time and especially at 10 and 12 h after release, the fraction of Int-6-silenced cells in mitosis was higher than in control cells. Conversely, the percentage of G1 cells was lower. Taken together, these results show that Int-6 silencing causes a delay in mitosis progression.
Localization of Int-6 throughout mitosis and mitotic defects associated with its silencing
The subcellular localization of Int-6 in mitotic HeLa cells was studied using confocal microscopy. In metaphase, Int-6 was observed everywhere but more brightly at the mitotic spindle ( Figure 3a , images 2 and 3). By anaphase, colocalization of Int-6 with the spindle was less intense and a clear Int-6 staining was detected at the equatorial plane (Figure 3a , images 5 and 6). During telophase, Int-6 was present on chromosomes and spindle midzone (Figure 3a , images 8 and 9). Similar observations performed on int-6 siRNAs-treated cells showed a much weaker signal for Int-6 ( Figure 3b , images 2, 5 and 8) demonstrating the specificity of our antibody. These experiments also showed that Int-6 silencing causes abnormal mitotic spindles. Some cells Requirement of hInt-6 for mitosis completion C Morris and P Jalinot exhibited a spindle with a single pole (data not shown), whereas others had a multipolar spindle (Figure 3b , image 7). To better characterize these defects, cells were stained for DNA and microtubules and various abnormal mitoses were observed when Int-6 was silenced.
Among these, many corresponded to cells displaying a mitotic spindle with distant asters and a DNA staining scattered all over the space in between (Figure 4a , images 11 and 14). A similar DNA organization was also found in cells with multipolar spindles (Figure 4a , image 17). Counting of mitotic aspects showed that Int-6 silencing causes a slight decrease in the number of anaphase and telophase and a dramatic fall in the percentage of cytokinesis relative to control cells (Figure 4b) . Conversely, proportion of cells with multipolar spindles was markedly increased and figures of bipolar spindles with dispersed chromosomes were specifically observed upon reduction of Int-6 (Figure 4b ). These are likely to correspond to cells in a prolonged prometaphase-like stage that failed to align their chromosomes into a metaphase plate. In agreement with this notion, we found a persistence of Bub1 and Mad2 at kinetochores of these dispersed chromosomes (data not shown). Examination of interphase cells stained for microtubules and DNA also showed a marked increase of multinucleated cells after Int-6 silencing ( Figure 4c ). Most of them displayed nuclei with different sizes, suggestive of an imbalanced chromosome repartition, and BrdU incorporation studies revealed that all nuclei in these cells replicated their DNA over a 24-h period (Figure 4d , image 5). Collectively, these findings clearly show that lowering Int-6 protein level triggers defects at multiple stages of the mitotic cycle, affecting in particular spindle formation, chromosome segregation and cytokinesis. Colocalization of Int-6 with microtubules implies that it could play a role in the dynamic properties of the mitotic spindle. In this regard, disruption of Int-6 orthologue in fission yeast was found to induce formation of elongated and more stable microtubules (Yen and Chang, 2000) .
Int-6 silencing inhibits cyclin B-Cdk1 kinase activity by prolonging the inhibitory phosphorylation of Cdk1
As activation of the cyclin B-Cdk1 complex is a key event for initiation of mitosis, kinase activity of this complex was examined in Int-6-silenced cells. These were collected at 9 h after release from a thymidine block, when M phase fraction is the highest (Figure 2b ). Cell lysates were subjected to immunoprecipitation with an antibody to cyclin B1 and the precipitates were assayed for their ability to phosphorylate histone H1. Int-6-depleted cells exhibited a 2.5-fold decrease of Cdk1 kinase activity relative to control cells (Figure 5a ). Immunoblot analysis of cyclin B1 expression at various times after thymidine release showed that it was not influenced by Int-6 depletion ( Figure 5b ). A precise evaluation of cyclin B1 degradation showed that it started at B9 h and was similar, apart a slight delay in Int-6-silenced cells, as compared to control cells (Supplementary Figure S2A) . Similarly, silencing of Int-6 did not affect securin protein levels (Supplementary Figure S2B ). These findings indicate that APC activation was effective in Int-6-depleted cells and that the proteolytic activity of the proteasome was not altered, at least regarding cyclin B and securin. In overlays (right panels), tubulin is green and Int-6 is red. Shown are cells in metaphase (images 1-3), anaphase (images 4-6) and telophase (images 7-9). (b) Cells were transfected with int-6 siRNAs and processed as in (a). A significant reduced Int-6 staining was observed (images 2 and 5), corroborating the immunoblot of Figure 1c . In addition to these apparently normal mitotic figures, Int-6-depleted cells with aberrant tubulin staining were observed (images 7-9)
Requirement of hInt-6 for mitosis completion C Morris and P Jalinot
By contrast, immunoblot analysis of Cdk1 revealed some alterations in cells treated with int-6 siRNAs. The antibody directed against this protein revealed two bands. The upper band, also detected with antibodies to phosphotyrosine, corresponds to the inactive form phosphorylated on Tyr15. By considering the total amount of the protein (lower and upper bands), a decrease in Cdk1 concentration was observed in Int-6-silenced cells at 6 h after thymidine release ( Figure 5b) . As Int-6 is associated with eIF3, we tested whether this observation was related to a defect in translation of the cdk1 mRNA. To this end, free and polysome-bound cdk1, cyclin B1 and actin mRNAs were measured by real-time quantitative PCR. In Int-6-silenced cells, a slight increase in the amount of cdk1 and cyclin B1 mRNAs occurred in the free fraction, but no significant effect was observed for polysome-bound mRNAs (Supplementary Figure S3) . Therefore, the lower Cdk1 protein levels seen at 6 h after thymidine release did not relate to a reduced ribosome loading on the corresponding mRNA. In addition, this effect is transient since the total amount of Cdk1 in Int-6-depleted cells was reduced by only B10% at 9 h. By the same time, we found that the switch to the lower band, which was clear in control cells, was less efficient in cells treated with int-6 siRNAs. This difference was also visible by 10 and 12 h after release. Densitometric quantification of the two bands clearly showed that the ratio of the active dephosphorylated form to the inactive Tyr15-phosphorylated form increased more slowly with time in Int-6-silenced cells (Figure 6b) .
It is known that phosphorylation of Cdk1 at Tyr15 is mediated by the Wee1 kinase and its dephosphorylation during mitosis involves the Cdc25C phosphatase. Hence, expressions of Wee1 and Cdc25C were assayed by immunoblotting. As for Cdk1, expression of Cdc25C was reduced at 3 and 6 h after thymidine release in Int-6-depleted cells as compared with cells transfected with control siRNAs, but was not significantly modified at later times especially after 8 h, when rapid dephosphorylation of Cdk1 occurs (Figure 6a ). The antibody to Wee1 detected two bands: the active faster-migrating 
image 2). Staining of MCM7 on images 1 and 4 was for nuclei detection
Requirement of hInt-6 for mitosis completion C Morris and P Jalinot species and the inactive phosphorylated form of the kinase (Figure 6a) . In control cells, the intensity of the upper band was clearly increased by 6 h after release. This inhibitory phosphorylation event precedes degradation of Wee1, which started at time 9 h. Interestingly, phosphorylation of Wee1 was markedly reduced in Int-6-depleted cells at time 6 h. Densitometric quantification of the doublet indicated that Int-6 silencing impairs the switch to the inactive modified form of Wee1 (Figure 6b , lower panel).
Collectively, these data support the notion that silencing of Int-6 hinders Wee1 inactivation, thus preventing cyclin B-Cdk1 from becoming fully activated. As this mitotic kinase phosphorylates many key substrates involved in chromosome separation and cytokinesis, its reduced activity can explain the phenotype we observed following Int-6 depletion.
Discussion
The results presented in this report clearly show that Int-6 is necessary for proper execution of mitosis. Its silencing alters spindle formation, chromosomes alignment at the equatorial plane and cytokinesis. These mitotic abnormalities do not apparently result from a gross defect of protein degradation. Indeed destruction of cyclin B1 and securin proceeds similarly at the metaphase-anaphase transition in cells transfected with either int-6 or control siRNAs. This observation indicates that activation of APC is efficient and that the proteasome exerts its function. Although cyclin B1 protein amount appears normal and even slightly higher in Int-6-silenced cells at the G2/M transition, the kinase activity of the complex it forms with Cdk1 was clearly reduced to approximately 40% of its normal value. This drop correlates with a less efficient switch to the dephosphorylated active form of Cdk1. The upstream inhibitory kinase Wee1 is modified by phosphorylation in late G2 and later degraded (Morgan, 1995) . It appeared that this phosphorylation of Wee1, which intervenes before mitosis, is reduced in Int-6-silenced cells. Late in mitosis, degradation of Wee1, which depends on SCF complexes (Watanabe et al., 2004) , is not affected by reduction of Int-6 concentration. This defect of Wee1 inactivation can explain the reduced activity of Cdk1. Indeed it has been observed in various systems that persistence of Wee1 activity blocks entry into mitosis (Secchiero et al., 1998; Mizunuma et al., 2001; Kawasaki et al., 2003) . In budding yeast, several kinases located at the bud neck participate in the inhibitory phosphorylation of Wee1 (Pines, 1999) . In Figure 5 Int-6 depletion inhibits cyclin B-Cdk1 kinase activity. (a) HeLa cells mock-transfected or transfected with either T2.2, I6.1 or I6.3 siRNAs were synchronized by double thymidine block and harvested 9 h after release. Cell lysates (0.5 mg) were immunoprecipitated with an antiserum to cyclin B1 and assayed for Cdk1 kinase activity using histone H1 as substrate. (a) and harvested at the indicated times after release. Cell extracts were subjected to immunoblotting using antibodies against cyclin B1, Cdk1 and Tyr15-phosphorylated Cdk1. b-Actin was analysed as a loading control. After densitometric analysis of the Cdk1 blot, the ratio of nonphosphorylated Cdk1 divided by Tyr15-phosphorylated Cdk1 was calculated and is indicated on the bottom line Figure 6 Delayed modification of the inhibitory kinase Wee1 in Int-6-silenced cells. Extracts prepared as in Figure 5b were analysed by immunoblotting for the Cdc25C phosphatase and Wee1 kinase. After densitometric analysis of the Wee1 blot, the ratio of phosphorylated Wee1 (upper band) divided by active Wee1 (lower band) was calculated and is indicated below the blots. (b) Ratios calculated in experiments of Figures 5b and 6a were plotted as a function of time Requirement of hInt-6 for mitosis completion C Morris and P Jalinot mammalian cells, the pathway upstream of Wee1 is less well defined and future studies will aim at elucidating which upstream event is modified when Int-6 is silenced. Analysis of Cdc25C did not show marked modifications, but we cannot exclude that it also contributes to poorer Cdk1 activity. Indeed the antibody to Cdc25C we used did not discriminate between the different phosphorylated forms of the protein.
As it is known that there is a positive feedback loop between Cdc25C and Cdk1 (Hoffmann et al., 1993) , a reduced activity of Cdk1 is likely to limit Cdc25C activation.
Our results show that as in S. pombe Int-6 alteration triggers mitotic abnormalities in human cells, but the protein appears to act somewhat differently in both organisms. In yeast, Yen et al. (2003) have shown that Int-6 binds Rpn5 and mediates its nuclear import. In the absence of this event, the proteasome assembly is affected, thus resulting in a general protein degradation defect that impairs the metaphase-anaphase transition. This occurs when Int-6 depletion is combined with mutation of proteasome subunits or with alteration of the Ras pathway (Yen et al., 2003) . In HeLa cells, Int-6 silencing does not cause a general defect of protein degradation and key proteins such as cyclin B1 and securin are normally degraded. This difference is likely related to disassembly of the nuclear membrane during mitosis in mammalian cells. This event relieves the need of nuclear import of proteasome subunits. However, it is still possible that Int-6 plays an important role in degradation of specific proteins that remain to be identified. Its association with the 26S proteasome and the CSN supports this notion (Yahalom et al., 2001; Hoareau Alves et al., 2002 ). An alternate explanation would be an effect on translation as Int-6 is known to associate with eIF3 (Asano et al., 1997) . However, several observations do not support this idea. Int-6 silencing in HeLa cells does not impair general translation as evaluated by S35 methionine incorporation (Legall and Jalinot, unpublished results) . This is in agreement with observations in fission yeast showing weak effects of Int-6 suppression on translation (Bandyopadhyay et al., 2000) . Here we also show that Int-6 silencing does not modify the amount of various mRNAs in polysomes. It is also known that capdependent translation is inhibited during mitosis (Pyronnet et al., 2001; Qin and Sarnow, 2004) . Although it remains possible that Int-6 silencing affects translation of specific mRNAs, an effect of this factor on degradation of specific proteins is the most tentative explanation. A difference between mammalian cell and fission yeast is probably that the effect of Int-6 is targeted on specific factors in the former. An interesting point that remains unresolved in both organisms is whether the mitotic abnormalities consecutive to Int-6 alteration are merely the consequence of defects in functioning of the Cdk1-cyclin B complex or also result from specific effects of Int-6 on microtubule network dynamic. The subcellular localization of Int-6 during mitosis might support this latter possibility. Very similar questions exist for other proteins, such as BRCA2, which colocalizes with the midbody and alteration of which by mutation or RNA interference has been recently observed to perturb mitosis and cytokinesis (Daniels et al., 2004) , but this effect could be indirect and related to the role of the protein in DNA repair.
It is tempting to correlate the mitotic abnormalities due to Int-6 silencing to the oncogenic effects associated with alteration of the int-6 gene (Marchetti et al., 1995) . One point that remains unclear is whether MMTV insertion acts by generating haploinsufficiency or truncated proteins that would behave as dominantnegative mutants. In favour of this latter hypothesis, it has been reported that expression of a shortened form of Int-6 can transform mouse and human mammary epithelial cell lines (Rasmussen et al., 2001) , as well as NIH 3T3 cells (Mayeur and Hershey, 2002) . However, endogenous Int-6 is an abundant protein and the putative C-terminally truncated forms have never been detected so far by immunoblot. Hence it remains to be established whether expression of a transforming form of Int-6 acts by blocking an activity of the normal form of the protein or merely by acting on its intracellular concentration. Whatever the precise mechanism, our data strongly support the notion that alteration of Int-6 results in chromosome instability (CIN) (SarafanVasseur et al., 2002 ) amply recognized as a major cause of cancerous transformation (Jallepalli and Lengauer, 2001; Stock and Bialy, 2003) , particularly in breast cancer (Lingle et al., 2002) . It is to be noted that a reduced amount of int-6 mRNA has been observed in B40% of lung carcinomas and in B30% of breast carcinomas (Marchetti et al., 2001) . This reduced expression is likely to cause a decrease in the abundance of the protein, an event causing CIN according to the results presented here. So far no increased rate of mutation within the int-6 gene has been associated with cancer (Marchetti et al., 2001) , but evaluation of the intracellular abundance of the protein may be clinically relevant.
Materials and methods
Transfection of siRNAs
HeLa cells were transfected with siRNAs using the Oligofectamine or Lipofectamine 2000 reagents according to the manufacturer's instructions (Invitrogen) and as previously described (Elbashir et al., 2001) .
Cell synchronization
The day following siRNA transfection, HeLa cells were blocked at the G1/S boundary by exposure to 2.5 mM thymidine (Sigma) for 18 h. The thymidine-containing medium was then removed and normal growth medium was added. After 12 h, 2.5 mM thymidine was added for an additional 12 h. Cells were then released from the double thymidine block and harvested at different time points.
Cell cycle analysis
HeLa cells were trypsinized, washed in phosphate-buffered saline (PBS) and fixed in ice-cold 70% ethanol. Fixed cells were incubated at 371C for 30 min in PBS containing 20 mg/ml Requirement of hInt-6 for mitosis completion C Morris and P Jalinot of propidium iodide and 100 mg/ml of RNase A. Analysis of DNA content was on a FACSCAN cytometer (BectonDickinson) using CellQuest software. A total of 10 000 events were collected per sample.
Immunoblotting, immunoprecipitation and kinase assays
For immunoblots of Figure 1 , transfected cells were lysed directly in SDS sample buffer. For kinase assays and studies on cell cycle proteins regulated by phosphorylation, cell pellets were resuspended in a lysis buffer consisting of 1% NP-40, 50 mM Hepes (pH 7.4), 150 mM NaCl, 1 mM EGTA, 25 mM bglycerophosphate, 25 mM NaF, 0.5 mM Na 3 VO 4 , 10 mM pnitrophenylphosphate and complete EDTA-free protease inhibitor cocktail (Roche). Total proteins (20 mg) were separated on polyacrylamide gels and transferred to polyvinylidene difluoride (PVDF) membranes. Standard immunoblots were carried out using ECL or ECL plus (Amersham Biosciences). Blots probed with the antibodies to Cdk1 and Wee1 were quantified using the Personal Densitometer SI (Molecular Dynamics). The C-20 antiserum to Int-6 (Morris- Desbois et al., 1999) and a rabbit polyclonal antibody to TIP-2 were generated in the laboratory. Other reagents were purchased from commercial sources: anti-phospho-histone H3 (06-570, Upstate); polyclonal anti-cyclin B1 (Abcam); anti-Cdk1 (H-297, Santa Cruz Biotechnology); anti-Cdc25C (H-6, Santa Cruz Biotechnology); anti-Wee1 (B-11, Santa Cruz Biotechnology); anti-Actin (AC-15, Sigma). Cdk1 phosphorylated on tyrosine 15 was detected with a mix of two monoclonal antibodies recognizing phosphotyrosine residues: 4G10 (hybridoma culture supernatant) and pY99 (Santa Cruz Biotechnology). For kinase activity determination, 0.5 mg of lysates was incubated with rabbit polyclonal antibody to cyclin B1 and protein A-Sepharose overnight at 41C. Immunoprecipitates were washed three times with lysis buffer and equilibrated in kinase assay buffer (50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 5 mM DTE, 2 mM EGTA, 0.5 mM Na 3 VO 4 , 20mM p-nitrophenylphosphate). In vitro kinase assays were performed by incubating the immune complexes with 20 ml of a reaction mixture containing 25 mM ATP, 5 mCi [g-33 P]ATP (3000 Ci/mmol, Amersham Biosciences) and 2 mg histone H1 in kinase assay buffer for 30 min at 301C. Reactions were stopped by addition of 4 Â SDS sample buffer and were loaded onto polyacrylamide gels and transferred to PVDF membranes. Labelled histone H1 was detected and quantified using a STORM 860 imager (Molecular Dynamics). Membranes were analysed for comparable immunoprecipitation of cyclin B-Cdk1 complexes by immunoblotting with a monoclonal antibody against cyclin B1 (sc-245, Santa Cruz Biotechnology).
Immunofluorescence and confocal microscopy
HeLa cells were fixed for 10 min in 4% paraformaldehyde in PBS, incubated for 10 min in 0.1 M glycine in PBS, then permeabilized for 5 min in 1% Triton X-100 in PBS, and blocked with 1% BSA in PBS. Int-6 was detected using a rabbit polyclonal antibody raised against the C-terminal 169 amino acids of the protein (Morris- Desbois et al., 1999 ) and atubulin was visualized using a monoclonal antibody from Molecular Probes. Primary antibodies were incubated for 2 h at room temperature and secondary antibodies coupled to Alexa Fluor 488 or Alexa Fluor 546 (Molecular Probes) were further added to the cells for 1 h. Finally, DNA was stained with 1 mg/ml of propidium iodide with added RNase A at 100 mg/ml. Slides were mounted in medium containing Mowiol (Calbiochem) and observed with an LSM 510 confocal microscope (Zeiss). Immunofluorescence assay for the detection of BrdU incorporated into DNA was performed with the 5-Bromo-2 0 -deoxy-uridine Labeling and Detection Kit I (Roche) as described in the protocol provided and MCM7 was visualized with a rabbit polyclonal antibody generated in the laboratory.
